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The L-cone/M-cone visual pigment gene arrays were analyzed in 125 Japanese males with protan color-vision deﬁciency. Arrays
were successfully determined in 62/65 subjects with protanopia and 57/60 protanomaly subjects. Among the 62 protanopia subjects,
48 (77%) had an array consisting of a single 50 L–M hybrid gene (PS-array) or a 50 L–M hybrid gene followed by an M gene(s) that
was structurally identical to the hybrid gene (PI-array). In the remaining 14 subjects, 11 had an array consisting of a 50 L–M hybrid
gene followed by an M gene(s) that was structurally diﬀerent from the hybrid gene (PD-array) and 3 subjects had an apparently
normal array consisting of a single L gene followed by an M gene(s) (PN-array). In the 11 subjects with the PD-array, subject A67
had an 11 bp-deletion in exon 3 of the downstream genes and 6 had an A-71C substitution in the second gene of the array. In the 3
subjects with the PN-array, subject A289 had a missense mutation (Pro231Leu) in exon 4 of the L gene. When the function of the
missense mutation was studied by in vitro reconstitution of visual pigments, it was found to be deleterious to both cone opsin and
rhodopsin. Among the 57 protanomaly subjects, 49 (86%) had the PD-array, but 25 subjects had a diﬀerence only in exon 2 between
the ﬁrst and downstream genes that suggested a contribution of exon 2-encoded diﬀerence in the M pigment to color-discrimination.
In the remaining 8 subjects, 2 had the PS-array, 2 had the PI-array and the other 4, including subject A89 with a missense mutation
(Glu338Gly) in the L gene, had the PN-array. Genotype–phenotype relationships in protan color-vision deﬁciency are discussed.
 2004 Elsevier Ltd. All rights reserved.
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The L (long-wavelength-sensitive)-cone and M
(middle-wavelength-sensitive)-cone visual pigment genes
are present in tandem on the long arm of human X
chromosome. The genes constitute the L/M visual pig-
ment gene array where a single L gene is followed by one
or more M genes in color-normals (Nathans, Thomas, &
Hogness, 1986). Gross rearrangement of the array cau-
ses congenital color-vision deﬁciencies (Deeb et al.,
1992; Nathans, Piantanida, Eddy, Shows, & Hogness,* Corresponding author. Tel.: +81-77-548-2163; fax: +81-77-548-
2164.
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doi:10.1016/j.visres.2004.04.0111986). A 50 L–M hybrid gene occupying the ﬁrst position
is thought to be associated with protan defects. The
array that consists of the hybrid gene alone is associated
with protanopia (Nathans, Piantanida, et al., 1986). The
array with the hybrid gene followed by one or more M
genes is associated with protanopia when their products
are spectrally identical, but is associated with prota-
nomaly when the products are spectrally diﬀerent. An
array with a single L gene is thought to be associated
with deuteranopia (Nathans, Piantanida, et al., 1986).
When the array consists of an L gene followed by the 50
M–L hybrid gene(s), the outcome is deuteranopia when
their products are spectrally identical, but deuteranom-
aly when their products are spectrally diﬀerent. The
spectral diﬀerence is due to the amino acid residues
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1994; Merbs & Nathans, 1992). However, some subjects
have arrays that are diﬀerent from the expected geno-
type–phenotype relationships. For example, Nathans,
Piantanida, et al. (1986) found a protan subject who had
an L gene and Deeb et al. (1992) found one protanopia
subject who, according to genetic analysis, had two
spectrally distinct M pigments.
We have studied L/M visual pigment genes in Japa-
nese subjects with protan color-vision deﬁciency (Oda,
Ueyama, Nishida, Tanabe, & Yamade, 2003; Ueyama
et al., 2002; Yamade et al., 2001). Other groups have
also studied the deﬁciency at a genetic level, but due to
the infrequency of protan, as compared to deutan, col-
or-vision deﬁciency, the total number of protan subjects
studied has been small, ranging from 8 to 24 subjects,
according to the individual study (Crognale, Teller,
Motulsky, & Deeb, 1998; Crognale, Teller, Yamaguchi,
Motulsky, & Deeb, 1999; Deeb et al., 1992; Jagla, J€agle,
Hayashi, Sharpe, & Deeb, 2002; Nathans, Piantanida,
et al., 1986; Neitz, Neitz, He, & Shevell, 1999; Sharpe
et al., 1998; Zhang, Xiao, Shen, Li, & Jiang, 2000). We
have analyzed the L/M visual pigment gene arrays in 462
color-deﬁcient Japanese subjects, consisting of 125 male
protans, 312 male deutans and 25 females. The results
on 247 of the male deutans (Ueyama et al., 2003) and 14
of the females (Oda et al., 2003) have already been re-
ported. In this communication, we present complete
results on the cohort of 125 protan subjects.2. Methods
2.1. DNA samples
Genomic DNA was extracted from peripheral blood
leukocytes of Japanese males with color-vision deﬁ-
ciency who had consulted Shiga University of Medical
Science Hospital or Japan Red Cross Nagoya First
Hospital. They visited our special clinic for detailed
examinations of their color-vision status, because they
had been diagnosed to be color vision-deﬁcient with
Ishihara pseudoisochromatic plates in their school days.
We have had 480 such subjects, numbered from A1 to
A480 in the order of visit, for these 5 years since we
started genetic analysis of the L/M pigment genes. Their
classiﬁcation is as follows: 125 male protan subjects
whose gene arrays were analyzed in this study, 312 male
deutan subjects, 9 brothers of these subjects (2 protan
and 7 deutan subjects), 25 female subjects (3 protan and
22 deutan subjects), 8 male subjects (2 protan and 6
deutan subjects) who did not give their consent to our
genetic analysis, and 1 male subject who was diagnosed
to be color-normal after all. Therefore we have had a
total of 132 protan subjects, but 7 subjects have been
excluded from the present study for the reasons above.Their color-vision status was assessed with a Nagel
anomaloscope (model I, Schmidt & Haensch, Berlin,
Germany) and with other clinical color-vision tests
including the TMC plates. At the anomaloscopic
examination the subjects were asked to adjust the mix-
ing ratio of monochromatic red and green lights to a
juxtaposed monochromatic yellow light in a 2–1000 cir-
cular bipartite ﬁeld. Wavelengths of these lights were
671, 546 and 589 nm, respectively, according to the at-
tached instructions. The normal settings of the instru-
ments were conﬁrmed by testing 10–12 color-normal
male subjects who had passed all other color-vision
tests. Their matching midpoints were 39.7 with a width
of 2.4 (Shiga) and 40.4 with a width of 3.2 (Nagoya) on
average. Informed consent was obtained from all
participants. All the procedures involving DNA samples
were conducted according to the Declaration of Hel-
sinki.
2.2. Analysis of L/M visual pigment genes
The strategy for analysis of L/M visual pigment gene
array is depicted in Fig. 1. To determine whether the L/
M pigment genes were present, exon 5 of the genes were
ampliﬁed by PCR as previously described (Hayashi,
Ueyama, Tanabe, Yamade, & Kani, 2001). For esti-
mation of gene numbers, promoter of the L/M visual
pigment genes was ampliﬁed by PCR using primers PF-
2 and PR as previously described (Ueyama et al., 2003).
The 169 bp product was digested with Cfr10I and ana-
lyzed by PAGE. The product from the ﬁrst gene pro-
moter was expected to be cut into 137 and 32 bp
fragments, and that from the downstream gene pro-
moter was expected to be cut into 97, 40 and 32 bp
fragments. When the 97 bp fragment was not detected,
the pigment gene array was determined to consist of a
single gene. When all these fragments were detected,
ratio of the 97 bp fragment to the 137 bp one in ﬂuo-
rescence was used for the estimation of gene number.
The ampliﬁed promoter was also analyzed for the
presence of an A-71C substitution (Ueyama et al., 2003).
When only a single gene number was detected, the gene
array was presumed to consist of a 50 L–M hybrid gene
and was designated as the PS-array (S for single). When
only M-type exon 5 was detected and gene number was 2
or more, exons 2, 3 and 4 were PCR-ampliﬁed and se-
quenced using a PRISM 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) and a DYEnamic
ET Terminator Cycle Sequencing Kit (Amersham
Pharmacia Biotech AB). At this step, we determined
whether exon 2 had the codon 65 sequence for either Thr
(ACT) or Ile (ATT). Similarly codon 116 was examined
for either Ser (TCT) or Tyr (TAT) sequences. Exon 3
was examined for either Ser (TCT) or Ala (GCT) se-
quences in codon 180. Exon 4 was examined for either
Ile (ATC) or Thr (ACC) sequences at codon 230 and
M only
PCR of exon 5 PCR of exons 2, 3, and/or 4 
PN-arrayUnclearPD-array
> one type 
Long-range PCR of first and downstream genes 
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L and M
PCR of exons 2, 3, and 4 for 
codons 65, 116, 180, 230, and 233
PS-array
gene number > 1gene number = 1 
MvaI-digestion for L/M 
promoter exon 5
Cfr10I-digestion for gene number 
PCR of promoter and exon 5 
Fig. 1. Strategy for analysis of L/M visual pigment gene array. Promoter and exon 5 of the L/M visual pigment genes were separately ampliﬁed by
PCR from the genomic DNA. Gene number was estimated from the promoter and the presence of L and M genes was determined from the exon 5.
When gene number was 1 and exon 5 is M-type only, the array was determined to consist of a single 50 L–M hybrid gene (PS-array). When gene
number was more than 1 and exon 5 is M-type only, exons 2, 3 and 4 were ampliﬁed by PCR for codons 65 and 116 in exon 2, codon 180 in exon 3
and codons 230 and 233 in exon 4. When there was only a single type of each of these codons, the array was determined to consist of identical M
genes (PI-array). When two types were detected in any of the codons, separate ampliﬁcation of the ﬁrst and downstream genes by the long-range PCR
was done, and diﬀerences in codons between the genes were examined. When the codon, or codons, were diﬀerent, the array was determined to
consist of structurally diﬀerent M genes (PD-array). When L and M exons 5 were detected, the ﬁrst and downstream genes of the array were
determined.
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When no diﬀerences in these codons were detected, the
gene array was designated as the PI-array (I for identi-
cal). When diﬀerences were detected in any of these
codons, the ﬁrst gene and the downstream gene (or
genes) were ampliﬁed separately by the long-range PCR
method as described (Oda et al., 2003). When the codon,
or codons, were not common to the ﬁrst and down-
stream genes, the gene array was designated as the PD-
array (D for diﬀerent). We looked at codons 111, 153,
171, 174 and 178 as well, but did not use them for dis-
crimination of the PI- and PD-arrays. When exons 5 for
both L and M were detected and it was conﬁrmed that
the ﬁrst gene was an L gene and the downstream gene(s)was an M gene(s) by the long-range PCR method, the
gene array was designated as the PN-array (N for nor-
mal). Nucleotide sequences were determined for the
promoter and exons 1–6, including their ﬂanking in-
trons, as needed. Single-strand conformation polymor-
phism (SSCP) analysis of exon 5 was performed as
described (Hayashi et al., 2001).
2.3. In vitro reconstitution of visual pigment
When a missense mutation was found in an L gene,
the mutation was introduced into the wild-type cDNA
for rhodopsin, as well as L opsin, by the method of Ho,
Hunt, Horton, Pullen, and Pease (1989). Expression of
2244 H. Ueyama et al. / Vision Research 44 (2004) 2241–2252the mutant opsins and in vitro reconstitution of visual
pigment was performed as described previously (Uey-
ama et al., 2002).3. Results and discussion
3.1. Analysis of L/M visual pigment gene array in 125
protan subjects
In the 65 protanopia subjects, 48 had the PS- or PI-
array, 11 had the PD-array, 3 had the PN-array (Fig. 2).Fig. 2. L/M visual pigment gene array of protans. L/M visual pigment gene
consisting of a single 50 L–M hybrid gene; PI-array, an array consisting of mo
are identical; PD-array, an array consisting of more then one M genes where
apparently normal array where a single L gene is followed by an M gene(s). So
second gene of the array and broken underlines indicate that the subject had t
in the third (most downstream) gene of the array, which is indicated by a dThe other 3 subjects had either the ‘‘unclear’’ PI- or PD-
array. Among the 62 protanopia subjects whose gene
arrays were deﬁnitively determined, 77% had the pre-
dicted PS- or PI-array.
In the 60 protanomaly subjects, 2 subjects had the PS-
array, 2 had the PI-array, 48 had the PD-array, 4 had
the PN-array, 3 had ‘‘unclear’’ arrays (Fig. 2). Among
the 57 subjects whose gene arrays were deﬁnitively
determined, 84% had the predicted PD-array.
Although there have been conﬂicting reports about
whether only the ﬁrst two genes of the L/M visual pig-
ment gene array are expressed (Hagstrom, Neitz, &array of the 125 protan subjects are summarized. PS-array, an array
re than one M genes where the nucleotide sequences of exons 2, 3 and 4
the nucleotide sequences of exons 2, 3, or 4 are diﬀerent; PN-array, an
lid underlines indicate that the subject had an A-71C substitution in the
he substitution, but its position was unclear. A318 had the substitution
ouble underline.
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argument was not applicable to most of the subjects we
studied. In our cohort, 30/125 subjects had only one
gene in the array, and in the 95 subjects with more than
one gene 83 had only one type of downstream gene. The
excluded 12 subjects were A30, A193, A237, A317, A430
and A447, who were obvious to have the PD-array, and
6 ‘‘unclear’’ subjects.
3.2. Protanopia subjects with PD-array
In the 11 protanopia subjects with the PD-array, 4
had diﬀerences only in exon 2 between the ﬁrst and
downstream genes of the array and 6 had diﬀerences in
exon 3 and/or exon 4 in addition to exon 2 (Table 1).
The other subject, A193, had a diﬀerence only in exon 2
or in exons 2 and 3 (Table 1). According to the absor-
bance spectra of the in vitro reconstituted hybrid visual
pigments obtained by Merbs and Nathans (1992) and
Asenjo et al. (1994), at least 6 of the subjects were pre-
dicted to have two spectrally distinct M pigments (Table
1) and therefore should have shown the protanomaly
phenotype. Sequence analysis was done on all 11 of our
subjects to determine whether mutations in the pro-
moter region and exons 1–6, including their ﬂanking
introns, were related to gene dysfunction.
In 1/11 subjects, A67, the downstream genes had an
11 bp-deletion (codons 177-3 through 181-1) in exon 3
(Fig. 3A). Among the mutations in congenital color-
vision deﬁciencies, deletions have been reported in a
protan (Reichel, Bruce, Sandberg, & Berson, 1989) and
in a tritan (Weitz et al., 1992) subjects. In 6/11 subjects
(A135, A162, A209, A395, A406 and A413) an A-71C
substitution in the promoter of the downstream genes
was present (Fig. 2, underlined). The frequency of 55%
was signiﬁcantly diﬀerent from the 27% in the other
group of 26 subjects with multiple genes in the prota-
nopia (p < 0:05) and 21% in the 58 protanomaly sub-
jects with multiple genes (p < 0:01). We have previously
reported that the substitution in the second gene of the
normal L/M visual pigment gene array was associated
with deutan color-vision deﬁciency (Ueyama et al.,
2003). Since all of the downstream genes in our 6 sub-
jects had the substitution, we could conclude that the
substitution was present in the second gene of the array.
The substitution may also be associated with protanopia
phenotype in these subjects. The other 4 subjects (A23,
A193, A220 and A452) had no detectable mutations,
making it unclear why these subjects were protanopic
and not protanomalous.
3.3. Protan subjects with PN-array
Three subjects in the protanopia and 4 subjects in the
protanomaly groups had both L and M genes (Fig. 2).
The analysis of exon 5 in the ﬁrst and downstream genesof the array using single-strand conformation poly-
morphisms (SSCP) showed that the ﬁrst gene was L-type
and the downstream gene or genes were M-type
(Fig. 4A). In A450 the ﬁrst gene was also L-type and the
downstream gene M-type (data not shown). Jagla et al.
(2002) reported one protanopia subject with a down-
stream L gene (50 M–L hybrid gene). Our subjects A121
and A447, described in Sections 3.5 and 3.6, respec-
tively, were the same. Therefore, long-range PCR
ampliﬁcation was necessary to separately amplify the
ﬁrst and downstream genes and exclude the possibility
of 50 M–L hybrid gene.
When the promoter region and exons 1–6 with ﬂank-
ing introns were ampliﬁed and sequenced, novel missense
mutations were found in 2 of the 6 subjects. Since we
have already characterized the Gly338Glu mutation in
the cytoplasmic domain in which GAG is substituted for
GGG in exon 6 in subject A89 (Ueyama et al., 2002), we
focused on the other Pro231Leu mutation in the trans-
membrane helix V in which CTA is substituted for CCA
in exon 4 in subject A289 (Fig. 3B). The proline residue is
perfectly conserved in vertebrate cone opsins and rho-
dopsins. This high level of conservation suggests that the
proline is necessary for normal structure and function of
opsins. However the exact role cannot be pinpointed,
even from the X-ray crystallographic study of rhodopsin
(Palczewski et al., 2000). The missense mutation is the
ﬁfth one found in cone opsins in congenital L/M color-
vision deﬁciency. One mutation in protan (Gly338Glu,
Ueyama et al., 2002) and three in deutan subjects have
been described (Cys203Arg, Winderickx et al., 1992;
Asn94Lys and Arg330Gln, Ueyama et al., 2002). Many
mutations are known in the human rhodopsin gene that
are relevant to retinitis pigmentosa (Kaushal &Khorana,
1994; Sung, Davenport, & Nathans, 1993; Sung,
Schneider, Agarwal, Papermaster, & Nathans, 1991), but
a mutation at position 215 that corresponds to 231 in
cone opsin has been reported only in a single Spanish
family (Martinez-Gimeno et al., 2000).
We introduced the Pro231Leu mutation into a hu-
man rhodopsin cDNA, as well as an L opsin cDNA,
transfected the constructs into Cos-7 cells, and visual
pigments were reconstituted as described (Ueyama et al.,
2002). Neither the mutant L opsin (Fig. 5A) nor rho-
dopsin (Fig. 5B) showed any absorbance, suggesting
that the proline residue is necessary for normal folding
of both visual pigments and possibly their translocation
to the cell membrane. The Gly338Glu mutation in L
opsin that corresponds to Gly324Glu in rhodopsin was
deleterious to cone opsin (Ueyama et al., 2002), but not
to rhodopsin (Fig. 5C), pointing to diﬀerent mechanisms
for protein folding between cone opsin and rhodopsin.
The two consecutive cysteine residues that are present in
rhodopsin but absent in human L/M opsins and imme-
diately precede the glycine residue may account for
folding diﬀerences.
Table 1
Protanopia subjects with multiple-gene array
Gene
array
Sub-
ject
Exon 2 Exon 3 Exon 4 Exon 5 Match
range
Diﬀerence in
kmax (nm)
TMC
grade
65 111 116 153 171 174 178 180 230 233 277 285 a b
PI-
array
A2 I V Y M V V V A T S F A 0–73 – – III
I V Y M V V V A T S F A
A95 I V Y M V A I A T S F A 0–73 – – II
I V Y M V A I A T S F A
A108 I V Y L V A I A T S F A 0–73 – – III
I V Y M V A I A T S F A
A146 I V Y M V A I A T S F A 0–73 – – III
I V Y M V A I A T S F A
A156 I V Y M V A I A T S F A 0–73 – – nd
I V Y M V A I A T S F A
A157 I V Y M V A I A T S F A 0–73 – – nd
I V Y M V A I A T S F A
A190 I V Y M V A I A T S F A 0–73 – – II
I V Y M V A I A T S F A
A218 I V Y M V A I S T S F A 0–73 – – nd
I V Y M V A I S T S F A
A222 I V Y M V V V A T S F A 0–73 – – nd
I V Y M V V V A T S F A
A244 I V Y M V A I S T S F A 0–73 – – III
I V Y M V A I S T S F A
A254 I V Y M V A I A T S F A 0–73 – – nd
I V Y M V A I A T S F A
A280 I V Y M V A I S I A F A 0–73 – – III
I V Y M V A I S I A F A
A281 I V Y M V A I S T S F A 0–73 – – nd
I V Y M V A I S T S F A
A309 I V Y M V A I A T S F A 0–73 – – III
I V Y M V A I A T S F A
A347 I V Y M V A I A T S F A 0–73 – – III
I V Y M V A I A T S F A
A357 I V Y M V A I A T S F A 0–73 – – III
I V Y M V A I A T S F A
A397 I V Y M V V V A T S F A 0–73 – – II
I V Y M V V V A T S F A
A404 I V Y M V A I A T S F A 0–73 – – III
I V Y M V A I A T S F A
A410 I V Y M V A I A T S F A 0–73 – – II
I V Y M V A I A T S F A
A471 I V Y M V A I A T S F A 0–73 – – III
I V Y M V A I A T S F A
PD-
array
A23 T I S L V A I A T S F A 0–73 0.2 0 nd
I V Y M V A I A T S F A
A209 T I S M V A I A T S F A 0–73 0.2 0 III
I V Y M V A I A T S F A
A395 T I S M V A I A T S F A 0–73 0.2 0 nd
I V Y M V A I A T S F A
A452 T I S M V V V A T S F A 0–73 0.2 0 nd
I V Y M V V V A T S F A
A67a T I S L V A I S I A F A 0–73 6.3 6 nd
I V Y L,M V A – – T S F A
A135 T I S M V A I S T S F A 0–73 3.6 2 III
I V Y M V A I A T S F A
A162 T I S M V A I S I A F A 0–73 6.3 6 nd
I V Y M V A I A T S F A
A220 T I S M V A I A I A F A 0–73 1.9 nd nd
I V Y M V A I A T S F A
A406 T I S M V A I A I A F A 0–73 1.9 nd III
I V Y M V A I A T S F A
A413 T I S M V A I S I A F A 0–73 6.3 6 nd
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Table 1 (continued)
Gene
array
Sub-
ject
Exon 2 Exon 3 Exon 4 Exon 5 Match
range
Diﬀerence in
kmax (nm)
TMC
grade
65 111 116 153 171 174 178 180 230 233 277 285 a b
I V Y M V A I A T S F A
A193 T I S L V A I A T S F A 0–73 0.2 or
3.6
0 or 2 II
I V Y L,M V A I A, S T S F A
PN-
array
A289 T I S L V A I S I A Y T 0–73 27.0 31 nd
I V Y M V A I A T S F A
A318 T I S L V A I S I A Y T 0–73 27.0 31 III
I V Y M V A I A T S F A
A376 T I S L I A V A I A Y T 0–73 22.7 24 II
I V Y M V V V A T S F A
Unclear A85 I V Y L V A I S T S F A 0–73 – or
nd
– or 2 III
I V Y L,M V A I S, A T S F A
A158 I V Y M V A I S T S F A 0–73 – or
nd
– or 2 nd
I V Y M V A I S, A T S F A
A367 I V Y M V A I A T S F A 0–73 – or
nd
– or 2 III
I V Y M, L V A I A, S T S F A
The order of subjects is the same as in Fig. 2.
In each subject upper row represents ﬁrst gene of the array and lower row represents downstream gene(s).
Two amino acids in one codon represent more than one haplotype in the downstream gene(s). –, no diﬀerence; nd, not done.
Diﬀerence in kmax between the pigments from the ﬁrst and downstream genes was adopted from (a) Merbs and Nathans (1992) and (b) Asenjo et al.
(1994).
a In A67, who had a deletion including codon 180 in the downstream genes, diﬀerence in kmax is shown assuming that the subject had codon 180 for
alanine in the downstream genes.
Fig. 3. Mutations found in protanopia subjects. (A) The 11 bp-dele-
tion found in A67. A67 was a protanopia subject with the PD-array.
The downstream genes of this subject were ampliﬁed by the long-range
PCR and the product was used as the template in the second-round
PCR for exon 3. Although this subject had 3 (or more) downstream
genes, they all had the deletion in common. (B) The missense mutation
found in A289. A289 was a protanopia subject with the PN-array. The
ﬁrst gene of A289 was ampliﬁed by the long-range PCR and the
product was used as the template in the second-round PCR for exon 4.
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of the 5 remaining subjects. Crognale et al. (1998) also
reported one protan subject with an apparently nor-
mal gene array, but no detectable mutations in the L
gene. We do not know why the L gene at the ﬁrst
position of the array was non-functional in these 5
subjects.
In the 3 genes from subject A318, an A-71C substitu-
tion was present in one of the twoM genes. To determinewhether the substitution was present in the upstream M
gene or in the downstream M gene, we used long-range
PCR for the intergenic regions (Ueyama et al., 2003) and
determined that the upstream M gene had -71A and the
downstream M gene had -71C (data not shown).3.4. Protanomaly subjects with PS- or PI-array
Two protanomaly subjects had the PS-array and 2
had the PI-array (Fig. 2). However, they had broad
matching ranges upon anomaloscopic examination;
speciﬁcally, 20–65 (A292), 10–70 (A418), 0–70 (A422)
and 0–70 (A463). We have examined 12 deuteranomaly
subjects with an array consisting of a single L gene and
all had broad matching ranges on the order of 10–73, 0–
57 and 0–65 (Ueyama et al., 2003). Therefore, anoma-
lous trichromats with an array consisting of a single 50
L–M gene or a single L gene are likely to have a broad
matching range. Deeb et al. (1992) reported 3 deuter-
anomaly subjects with an array consisting of a single L
gene whose matching ranges were also broad, support-
ing our interpretation. In A208, the protanomaly subject
with the PD-array and a matching range of 10–65 that
was broader than the others in the group (Table 2), it is
possible that one of the ﬁrst two genes of the array
might be non-functional. Although we could not detect
any mutations in the promoter and exons 1–6 includ-
ing their ﬂanking introns in A208, this possibility must
Fig. 4. Analysis of exon 5 using single-strand conformation polymorphisms. The ﬁrst and downstream genes were separately ampliﬁed by the long-
range PCR in 6 subjects with the PN-array (A) and in A121 (B). The products were each used as the template in the second-round PCR for exon 5.
The products of the second-round PCR were analyzed by single-strand conformation polymorphisms. F, exon 5 of the ﬁrst gene; D, exon 5 of the
downstream gene(s); MD, exon 5 of the most downstream gene. L, L-type exon 5; M0, M-type exon 5 in which codon 283 is CCC; M, M-type exon 5
in which codon 283 is the usual CCA.
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Fig. 5. Diﬀerence absorbance spectra of in vitro reconstituted visual pigments. (A) Diﬀerence absorbance spectrum of the mutant L opsin with the
Pro231Leu mutation. The L opsin cDNA with the Pro231Leu mutation was transfected into Cos-7 cells and visual pigment was reconstituted
in vitro. 1. spectrum of the wild-type L opsin; 2. spectrum of the mutant L opsin. (B) Diﬀerence absorbance spectrum of the mutant rhodopsin with
the Pro215Leu mutation. The human rhodopsin cDNA with the Pro215Leu mutation (corresponding to the Pro231Leu mutation in cone opsins) was
transfected into Cos-7 cells and visual pigment was reconstituted in vitro. 1. spectrum of the wild-type rhodopsin; 2. spectrum of the mutant rho-
dopsin. (C) Diﬀerence absorbance spectrum of the mutant rhodopsin with the Gly324Glu mutation. The human rhodopsin cDNA with the
Gly324Glu mutation (corresponding to the Gly338Glu mutation in cone opsins) was transfected into Cos-7 cells and visual pigment was recon-
stituted in vitro.
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array.
3.5. Protanomaly subjects with PD-array
In the 49 subjects with the PD-array, 25 had a dif-
ference only in exon 2 between the ﬁrst and downstream
genes (Fig. 2, Table 2). Neitz et al. (1999) reported 5
such subjects in 11 protanomaly subjects, but they did
not mention whether these numbers represented all of
the protan subjects they had studied or whether they
were selected as representative. We suggest here that the
frequency of protanomaly subjects with the exon 2-dif-
ference is high, with a frequency of approximately 51%.The 25 subjects showed a midpoint value of 59.5 with
the average width of 8.1 at the anomaloscopic exami-
nation, which was similar to that of the 21 subjects with
a diﬀerence in exon 3 and/or exon 4, who had a the
midpoint value of 60.8 with the average width of 5.7
(Table 2). Therefore, the 25 subjects with a diﬀerence in
exon 2 seemed to have as mild a phenotype as the 21
subjects with a diﬀerence in exon 3 and/or exon 4. Color-
vision status was also examined using TMC plates in 15
of the 25 subjects with the exon 2-diﬀerence and in 12 of
the 21 subjects with the exon 3 and/or exon 4-diﬀerence.
In the 15 subjects with the exon 2-diﬀerence 4 were
determined to be grade I, 8 to be grade II and 3 to be
grade III (Table 2). The distribution was diﬀerent from
Table 2
Protanomaly subjects with multiple-gene array
Gene
array
Sub-
ject
Exon 2 Exon 3 Exon 4 Exon 5 Match
range
Diﬀerence in
kmax (nm)
TMC
grade
65 111 116 153 171 174 178 180 230 233 277 285 a b
PI-
array
A422 I V Y L V A I A T S F A 0–70 – – nd
I V Y L, M V A I A T S F A
A463 I V Y M V A I A T S F A 0–70 – – III
I V Y M V A I A T S F A
PD-
array
A4 T I S M V A I A T S F A 58–64 0.2 0 I
I V Y M V A I A T S F A
A19 T I S M V A I A T S F A 70–73 0.2 0 nd
I V Y M V A I A T S F A
A34 T I S L V A I S T S F A 60 nd 0 nd
I V Y M V V V S T S F A
A36 T I S M V A I A T S F A 60–64 0.2 0 II
I V Y M V A I A T S F A
A53 T I S M V A I S T S F A 60–62 nd 0 nd
I V Y M V A I S T S F A
A84 T I S M V A I A T S F A 60–66 0.2 0 I
I V Y M V A I A T S F A
A96 T I S M V V V A T S F A 58–65 0.2 0 I
I V Y M V V V A T S F A
A112 T I S M V A I A T S F A 58–62 0.2 0 nd
I V Y M V A I A T S F A
A116 T I S M V A I S T S F A 57–62 nd 0 III
I V Y M V A I S T S F A
A120 T I S M V V V A T S F A 58–62 0.2 0 III
I V Y M V V V A T S F A
A128 T I S L V A I A T S F A 40–65 0.2 0 II
I V Y M V A I A T S F A
A139 T I S M V A I A T S F A 58–60 0.2 0 nd
I V Y M V A I A T S F A
A192 T I S L V A I S T S F A 60 nd 0 nd
I V Y M V A I S T S F A
A208 T I S M V A I A T S F A 10–65 0.2 0 II
I V Y M V A I A T S F A
A212 T I S L V A I S T S F A 60–65 nd 0 II
I V Y L, M V A I S T S F A
A214 T I S M V V V A T S F A 56–64 0.2 0 II
I V Y M V V V A T S F A
A236 T I S M V A I A T S F A 40–55 0.2 0 II
I V Y M V A I A T S F A
A241 T I S M V A I A T S F A 60–64 0.2 0 I
I V Y M V A I A T S F A
A242 T I S M V A I A T S F A 58–62 0.2 0 II
I V Y M V A I A T S F A
A272 T I S M V V V A T S F A 60–64 0.2 0 III
I V Y M V V V A T S F A
A284 T I S M V V V A T S F A 60–65 0.2 0 nd
I V Y M V V V A T S F A
A302 T I S M V V V A T S F A 48–64 0.2 0 nd
I V Y M V V V A T S F A
A363 T I S M V A I A T S F A 55–73 0.2 0 II
I V Y M V A I A T S F A
A411 T I S L V A I S T S F A 63 nd 0 nd
I V Y L V A I S T S F A
A427 T I S M V A I A T S F A 60 0.2 0 nd
I V Y M V A I A T S F A
A1 T I S L V A I S I A F A 53–73 6.3 6 I
I V Y M V V V A T S F A
A8 T I S M V A I A I A F A 60 1.9 nd I
I V Y M V A I A T S F A
A30 T I S L V A I S I A F A 60–66 nd or
3.6–6.3
2–6 III
T, I I, V S, Y M V V V A I, T A, S F A
(continued on next page)
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Table 2 (continued)
Gene
array
Sub-
ject
Exon 2 Exon 3 Exon 4 Exon 5 Match
range
Diﬀerence in
kmax (nm)
TMC
grade
65 111 116 153 171 174 178 180 230 233 277 285 a b
A31 T I S L V A I S T S F A 60–66 3.6 2 nd
I V Y L V A I A T S F A
A65 T I S L V A I S I A F A 56–62 6.3 6 nd
I V Y M V A I A T S F A
A82 T I S L V A I S I A F A 60–66 6.3 6 I
I V Y M V A I A T S F A
A123 T I S L V A I S T S F A 58–62 3.6 2 nd
I V Y M V A I A T S F A
A170 T I S L V A I S I A F A 45–62 nd 4 nd
I V Y L V A I S T S F A
A178 T I S L V A I S T S F A 55–62 3.6 2 II
I V Y L, M V A I A T S F A
A183 T I S L V A I S T S F A 67–69 3.6 2 I
I V Y M V A V A T S F A
A204 T I S M V A I S I A F A 56–62 6.3 6 nd
I V Y M V A I A T S F A
A253 T I S M V A I S T S F A 58–62 3.6 2 II
I V Y M V A I A T S F A
A275 T I S L V A I S I A F A 60–64 6.3 6 II
I V Y M V A I A T S F A
A287 T I S L V A I S T S F A 60–62 3.6 2 III
I V Y M V A I A T S F A
A305 T I S M V A I S I A F A 58–62 6.3 6 I
I V Y M V A I A T S F A
A316 T I S M V A I S T S F A 63 3.6 2 I
I V Y M V A I A T S F A
A384 T I S M V A I S T S F A 60–68 3.6 2 I
I V Y M V A I A T S F A
A430 T I S M V A I A I A F A 58–60 1.9 or
2.1
nd nd
T, I I, V S, Y M V A I A T S F A
A435 I V Y M V A I S I A F A 58–64 nd nd nd
I V Y M V A I A T S F A
A444 T I S L V A I S I A F A 58–62 6.3 6 nd
I V Y M V A I A T S F A
A461 T I S L V A I S T A F A 55–60 nd nd nd
I V Y M V V V A T A F A
A237 T I S L V A I S T S F A 60–61 nd or
3.6
0 or
2
II
I V Y M V A I S, A T S F A
A317 T I S L V A I S T S F A 60–66 nd or
3.6
0 or
2
I
I V Y M V A I S, A T S F A
A447 T I S M V A I A T S F A 56–58 0.2–
22.7
0–24 II
I V Y M V A V A T, I S, A F, Y A, T
PN-
array
A89 T I S L V A I S I A Y T nd 27.0 31 nd
I V Y M V A I A T S F A
A185 T I S L V A V A I A Y T 51–53 22.7 24 I
I V Y M V V V A T S F A
A233 T I S L V A V A I A Y T 58–60 22.7 24 I
I V Y M V V V A T S F A
A450 T V S L V A V A I A Y T 45–62 22.7 24 nd
I V Y M V V V A T S F A
Un-
clear
A121 I V Y M V A I A T S F A 60–64 0–27.0 0–31 I
I, T V, I Y, S M, L V A I A, S T, I S, A F, Y A, T
A138 T I S L V A I A T S F A 58–60 – or
0.2
– or
0
nd
T, I I, V S, Y L, M V A I A T S F A
A443 I V Y L V A I S T S F A 60 – or
nd
– or
2
nd
I V Y L, M V, I A I S, A T S F A
The order of subjects is the same as in Fig. 2.
In each subject upper row represents ﬁrst gene of the array and lower row represents downstream gene(s).
Two amino acids in one codon represent more then one haplotype in the downstream gene(s). –, no diﬀerence; nd, not done.
Diﬀerence in kmax between the pigments from the ﬁrst and downstream genes was adopted from (a) Merbs and Nathans (1992) and (b) Asenjo et al.
(1994).
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in whom 7 subjects were determined to be grade I, 3 to
be grade II and 2 to be grade III. However, only 3
subjects with the exon 2-diﬀerence were classiﬁed as
having the most severe type, grade III. Considering that
in the 15 subjects with the PI-array who had been
examined using TMC plates none were grade I, 4 were
grade II and 11 were grade III (Tables 1 and 2), color-
vision status in the protanomaly subjects with the PD-
array of exon 2-diﬀerence seemed to be less severe than
in the subjects with the PI-array.
Our results diﬀer from the previously reported spec-
tral data showing that exon 2 had little or no contri-
bution to the shift of absorbance spectrum peaks in the
M pigment (Asenjo et al., 1994; Merbs & Nathans,
1992). Neitz et al. (1999) suggested that exon 2 causes
diﬀerent optical density of the cone, probably resulting
from instability of the hybrid pigment. In the in vitro
reconstitution experiments of visual pigments conducted
by Merbs and Nathans (1992), the absolute absorbance
of the hybrid M pigment with the L-type exon 2-en-
coded sequence was lower than those of the other pig-
ments, possibly reﬂecting an in vivo instability of this
hybrid pigment. Although exact mechanisms are un-
known, we believe that exon 2-encoded diﬀerence must
be related to color-discrimination in protanomaly.
Based on the ﬁndings just discussed, it is surprising
that Jagla et al. (2002) found at least 10, and possibly 11,
if one ambiguous subject is included, cases with an array
consisting of a 50 L–M hybrid andM genes in which only
exons 2 were diﬀerent, in a cohort of 23 protanopia
subjects. We had only 4 such subjects in the 37 prota-
nopia subject group with an array consisting of more
than one gene. In the previous reports, the frequency of
subjects with a diﬀerence only in exon 2 among the
protanopia subjects with multiple-gene arrays was at
most 2/9 (Deeb et al., 1992), 1/11 (Crognale et al., 1998),
and at most 5/13 (Zhang et al., 2000), where ‘at most’
means no deﬁnitive determination of the fusion site, in-
tron 2 or intron 3. The protanopia subjects studied by
Jagla et al. (2002) were residents of Germany and Austria
and of German origin and the frequency of Cys203Arg
mutation was reported to be high in the German popu-
lation (Deeb, Jagla, J€agle, Hayashi, & Sharpe, 2003). It
may be of interest to examine whether the German
subjects have a deleterious mutation, such as Cys203Arg,
in either of the 50 L–M hybrid or M genes.
A447 had 4 genes in the array, ﬁrst gene being M-type
and the most downstream gene also M-type (data not
shown). Therefore his 50 M–L hybrid gene was suggested
to be at the second or third position of the array.
3.6. Protan subjects whose gene arrays were unclear
The gene arrays of 6 subjects (4.8%) could not be
determined in the cohort of 125 protan subjects and theywere classiﬁed as ‘‘Unclear’’ (Fig. 2 and Tables 1 and 2).
They had 3–4 genes in the array and exons 2, 3 and 4 in
the downstream genes were either a single type that was
identical to the ﬁrst gene or two types, one of which was
identical to the ﬁrst gene.
Subject A121 had 4 genes in the array and exons 5 for
both L and M genes. However, the ﬁrst gene of the array
was not an L but a 50 L–M hybrid gene (Fig. 4B). Since
the most downstream gene of the array was an M gene
(Fig. 4B), the gene order was suggested to be either 50 L–
M hybrid–M–50 M–L hybrid–M, or 50 L–M hybrid–
50M–L hybrid–M–M.
Although the frequency of 4.8% was lower than in
deutans who showed a 10.3% frequency, as detected in
32/312 subjects (unpublished data), a new method to
separately analyze the second gene of the array is needed
for these subjects.3.7. Conclusions
1. We have studied L/M gene arrays of the 125 protan
subjects. The large number of subjects made it possi-
ble to deﬁne genotype–phenotype relationships in
protan color-vision deﬁciency.
2. By gene analysis, we found 11 protanopia subjects
who probably had two spectrally distinct M pig-
ments. An 11 bp-deletion was present in one subject
and an A-71C substitution in the second gene of the
array was found in 6 subjects.
3. Seven subjects with an apparently normal gene array
had 2 missense mutations. The mutations were func-
tionally characterized. Both mutations were deleteri-
ous to cone opsins and Pro231Leu mutation was
also deleterious to rhodopsin.
4. We propose that an exon 2-encoded diﬀerence, simi-
lar to exon 3 or 4-encoded diﬀerences, is also related
to color-discrimination in protanomaly.
5. In our cohort, the gene arrays of 4.8% of the subjects
could not be determined, pointing to the need for a
new method to analyze separately the second gene
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